Abstract. Phosphatidylinositol-3,4,5-trisphosphate-dependent Rac exchange factor 2a (PREX2a), which is a regulator of the small guanosine triphosphatase Rac, has recently been reported to have an oncogenic role via the suppression of phosphatase and tensin homolog deleted on chromosome ten (PTEN) activity, and the subsequent activation of phosphoinositide 3-kinase (PI3K) signaling. However, the detailed role of PREX2a in osteosarcoma (OS) remains unclear. Reverse transcription quantitative polymerase chain reaction and western blotting was used to detect mRNA and protein levels. MTT assay was performed to examine cell proliferation and a Transwell assay and wound healing assay were conducted to examine cell invasion and migration. The present study demonstrated that PREX2a was markedly upregulated in OS cell lines, as compared with in normal osteoblast hFOB1.19 cells. In addition, knockdown of PREX2a expression significantly inhibited OS cell proliferation, whereas overexpression of PREX2a markedly promoted OS cell proliferation. Inhibition of PREX2a also markedly suppressed the invasion and migration of OS cells, at least partly by suppressing the protein expression of matrix metalloproteinase (MMP)2 and MMP9. Conversely, upregulation of PREX2a enhanced OS cell invasion and migration. In addition, PI3K signaling activity was significantly reduced following knockdown of PREX2a, and this was accompanied by an upregulation of PTEN activity. The results of the present study suggested that PREX2a may act as an oncogene in OS via the inhibition of PTEN activity and activation of PI3K signaling.
Introduction
Osteosarcoma (OS) is the most common type of malignant bone tumor, with a morbidity of ~5 cases per million worldwide (1) . Due to its resistance to radiotherapy, chemotherapy and adjuvant therapies, the median survival rate of OS has not markedly improved over the past few decades (1, 2) . Previous studies have demonstrated that aberrant upregulation of oncogenes has a key role in the development and progression of OS (3, 4) . Therefore, identification of novel oncogenes may have potential as therapeutic targets for OS.
It has previously been reported that aberrant activation of phosphoinositide 3-kinase (PI3K) signaling is tightly associated with numerous types of human cancer (5, 6) . Whole-exome, whole-genome and RNA sequencing have highlighted the PI3K pathway as a common vulnerability in OS, and inhibition of PI3K signaling attenuates the malignant progression of OS (7) (8) (9) . Phosphatase and tensin homolog deleted on chromosome ten (PTEN) is able to inhibit PI3K signaling activity, and is thus considered an important tumor suppressors (10) . Phosphatidylinositol 3,4,5-trisphosphate-dependent Rac exchange factor 2a (PREX2a), which is a regulator of the small guanosine triphosphatase Rac, has recently been reported to act as an inhibitor of PTEN activity via directly binding to PTEN through its guanine nucleotide exchange factor (GEF) domains (11, 12) . PREX2a is able to inhibit the lipid phosphatase activity of PTEN, leading to the accumulation of phosphatidylinositol (3,4,5)-trisphosphate and phosphorylation of Akt/mammalian target of rapamycin (13) . Previous studies have suggested that PREX2a may have an oncogenic role in numerous types of human cancer, including gastric cancer, neuroblastoma and melanoma (14) (15) (16) . However, the exact role of PREX2a in OS has yet to be elucidated.
The present study aimed to investigate the role of PREX2a in the regulation of the proliferation, migration and invasion of OS cells. In addition, the underlying molecular mechanisms were examined. Transfection. Lipofectamine ® 2000 was used to transfect the cells, according to the manufacturer's protocol. Briefly, cells were cultured to 70% confluence, and resuspended in serum-free medium. Small interfering (si)RNAs (PREX2a specific siRNA and negative control siRNA), plasmids (pcDNA3.1-PREX2a plasmid and pcDNA3.1 blank vector; Auragene Biosciences, Changsha, China) and Lipofectamine ® 2000 were diluted with serum-free medium. The diluted Lipofectamine ® 2000 was added to the diluted siRNA or plasmid, and the mixture was incubated for 20 min at room temperature. Subsequently, the mixture was added to the cell suspension. Following a 6 h incubation at 37˚C and 5% CO 2 , the medium was replaced with normal serum-containing medium.
Materials and methods

Reagents
Reverse transcription (RT)-qPCR analysis. Total RNA was extracted from the cells using TRIzol ® reagent, according to the manufacturer's protocol. Total RNA was reverse transcribed into cDNA using the RevertAid First Strand cDNA Synthesis kit, according to the manufacturer's protocol. mRNA expression levels were examined using the SYBR Green qPCR assay kit, in accordance with the manufacturer's protocol. The sequences of the specific primer (Sangon Biotech Co., Ltd., Shanghai, China) pairs used were as follows: PREX2a, sense 5'-TGG GAG GGG TCC AAC ATCA-3', anti-sense 5'-TCT TCA ACC GTC TGT GTT TTC TT-3'; GAPDH, sense 5'-CTC CTC CTG TTC GAC AGT CAGC-3' and anti-sense: 5'-CCC AAT ACG ACC AAA TCC GTT-3'. An ABI 7500 thermal cycler was used (Applied Biosystems, Foster City, CA, USA). The reaction conditions were as follows: 95˚C for 3 min and 40 cycles of denaturation at 95˚C for 15 sec and annealing/elongation at 60˚C for 30 sec. GAPDH was used as an internal control. Independent experiments were repeated three times. The relative mRNA expression levels were analyzed using the 2 -∆∆Cq method (17) .
Western blotting. Cells were solubilized in cold radioimmunoprecipitation lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China). Protein concentration was determined using a BCA Protein Assay kit (Beyotime Institute of Biotechnology). Subsequently, protein (20 µg per lane) was separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and was transferred from the gel to nitrocellulose membranes (Thermo Fisher Scientific, Inc.). The membranes were blocked in 5% nonfat dried milk in phosphate-buffered saline (PBS) containing 0.1% Tween for 3 h and were then incubated overnight at 4˚C with mouse anti-PREX2a monoclonal antibody (1:100), mouse anti-matrix metalloproteinase (MMP)2 monoclonal antibody (1:100), mouse anti-MMP9 monoclonal antibody (1:100), mouse anti-p-PI3K monoclonal antibody (1:100), mouse anti-PI3K monoclonal antibody (1:100), mouse anti-p-PTEN monoclonal antibody (1:100), mouse anti-PTEN monoclonal antibody (1:100) and mouse anti-GAPDH monoclonal antibody (1:400). Following washing twice with Dulbecco's phosphate-buffered saline (Thermo Fisher Scientific, Inc.; 5 min/wash), the membranes were incubated with rabbit anti-mouse secondary antibody (1:5,000) for 40 min at room temperature. Subsequently, immune complexes were detected using an ECL kit. The membranes were scanned in grayscale by Image-Pro Plus software 6.0 (Media Cybernetics, Inc., Rockville, MD, USA), in order to determine the relative protein expression levels. The relative protein expression levels are presented as the density ratio vs. GAPDH.
Cell proliferation assay. The MTT assay was used to measure cell proliferation. Cells (1x10 5 cells/well) in each group were cultured in a 96-well plate, each well was filled with 100 µl fresh serum-free medium and 0.5 g/l MTT. The plate was incubated at 37˚C for 0, 24, 48 and 72 h, after which the medium was removed by aspiration and 50 µl dimethyl sulfoxide was added to each well. Following a further 10 min incubation at 37˚C, the absorbance of each sample was measured at a wavelength of 492 nm using a plate reader (CX22; Olympus, Tokyo, Japan).
Cell invasion assay. Cells (1x10 6 cells/well) were starved in serum-free medium for 24 h and were subsequently resuspended in serum-free medium. The Transwell was coated in Matrigel. Cells were added to the upper chamber of a Transwell system, whereas the lower chamber was filled with medium supplemented with 10% FBS. Following a 24 h incubation, the cells attached to the bottom were stained with crystal violet for 20 min, and were washed and air-dried. Invasive cells were observed under a microscope.
Wound scratch assay. Wound scratch assay was performed in order to determine the cell migratory capacity of each group. Cells were cultured to full confluence and a wound of ~1 mm width was created in the cell layer using a plastic scriber. Subsequently, the cells were washed with PBS and were incubated for 48 h at 37˚C and 5% CO 2 . The cells in each group were fixed with 90% ethanol and observed under a microscope.
Statistical analysis. Data are presented as the mean ± standard deviation of three independent experiments. The results were analyzed using SPSS 17.0 statistical software (SPSS, Inc., Chicago, IL, USA). Differences between the groups were determined using one-way analysis of variance. P<0.05 was considered to indicate a statistically significant difference.
Results
PREX2a is upregulated in OS cells.
To determine the role of PREX2a in OS, the expression levels of PREX2a were detected in OS cell lines: MG63, Saos-2 and U2OS. The normal human osteoblast cell line hFOB1.19 was used as a control. As shown in Fig. 1A and B, the mRNA and protein expression levels of PREX2a were significantly increased in the OS cells, as compared with in the hFOB1.19 cells. Since MG63 cells exhibited the most significant upregulation in 
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PREX2a expression, this cell line was used in all subsequent experiments. The MG63 OS cells were transfected with PREX2a-specific siRNA or pcDNA3.1-PREX2a plasmid. Non-specific siRNA and blank pcDNA3.1 vector were used as negative controls. Post-transfection, the protein and mRNA expression levels of PREX2a were detected in each group. The expression levels of PREX2a were significantly reduced post-transfection with PREX2a siRNA ( Fig. 2A and  B) ; however, the expression levels were markedly increased post-transfection with the pcDNA3.1-PREX2a plasmid ( Fig. 2C and D) . Transfection with non-specific siRNA or blank pcDNA3.1 vector did not affect the expression levels of PREX2a. These data indicate that the transfection was successful.
PREX2a enhances OS cell proliferation.
The present study determined the proliferative capacity of OS cells in each group. As shown in Fig. 3A and B, knockdown of PREX2a significantly inhibited OS cell proliferation. Conversely, overexpression of PREX2a notably promoted OS cell proliferation. These results suggest that PREX2a may promote the proliferation of MG63 OS cells. 
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PREX2a promotes the invasion and migration of OS cells.
Since tumor cell invasion and migration have essential roles in cancer metastasis, the role of PREX2a was investigated in the regulation of OS cell invasion and migration, as determined by Transwell and wound healing assays, respectively. As shown in Fig. 4A and B, the invasive capacity of MG63 OS cells was significantly reduced following knockdown of PREX2a; however, PREX2a overexpression increased the invasion of MG63 cells. Similarly, cell migration was downregulated following knockdown of PREX2a expression, whereas it was increased following overexpression of PREX2a in MG63 cells ( Fig. 4C and D) . In addition, since MMP2 and MMP9 have important roles in mediating tumor cell invasion and migration, the expression levels of these proteins were detected in each group. Consistent with the results of the cell invasion and migration assays, knockdown of PREX2a inhibited the protein expression levels of MMP2 and MMP9, whereas overexpression of PREX2a enhanced their protein expression levels ( Fig. 5A and B) . These results indicate that PREX2a may have a promoting role in the regulation of OS cell invasion and migration, at least partly via modulation of MMP2 and MMP9 expression.
siRNA-mediated knockdown of PREX2a inhibits PI3K
signaling activity in OS cells. PTEN and PI3K activity was further investigated in the MG63 OS cells following knockdown or overexpression of PREX2a. In MG63 cells overexpressing PREX2a, the phosphorylation levels of PTEN were increased, which was accompanied by upregulated phosphorylation of PI3K, thus indicating that PI3K signaling was activated (Fig. 6) . Conversely, the phosphorylation levels of PTEN were reduced in MG63 cells transfected with PREX2a-specific siRNA, indicating that the activity of PTEN was upregulated, which was accompanied by downregulated phosphorylation of PI3K, thus indicating that PI3K signaling activity was reduced (Fig. 6) . These results suggest that PTEN and PI3K signaling activity may be modulated by PREX2a in MG63 cells.
Discussion
The identification of novel oncogenes may aid in the development of therapeutic strategies against OS. The present study is the first, to the best of our knowledge, to investigate the role of PREX2a in OS in vitro. The results demonstrated that PREX2a was significantly upregulated in OS cells, as compared with in normal human osteoblast cells. Further investigations revealed that PREX2a was able to promote OS cell proliferation, invasion and migration, potentially via upregulation of MMP2 and MMP9. In addition, the present study suggested that the oncogenic role of PREX2a in OS may be realized via direct A B inhibition of PTEN activity and subsequent activation of PI3K signaling. PREX2a contains an N-terminal Dbl homology and pleckstrin homology domain, which confers GEF activity; pairs of PDZ and Dishevelled, Egl-10 and Pleckstrin domains; and a C-terminus with weak similarity to inositol 4-polyphosphate phosphatase (12) . Through its GEF domains, PREX2a is able to directly bind to PTEN, and act as an inhibitor of PTEN activity (18, 19) . Furthermore, the genetic sequence of PREX2a is similar to that of PREX1, which has been demonstrated to have an oncogenic role in human cancer. Qin et al (20) reported that upregulation of PREX1 enhanced prostate cancer metastasis; the expression of recombinant PREX1 in non-metastatic prostate cancer cells increased cell migration and invasion via Rac-dependent lamellipodia formation. In addition, using a mouse xenograft model, the expression of recombinant PREX1 was shown to induce lymph node metastasis of non-metastatic prostate cancer cells without an effect on primary tumor growth (20) . Furthermore, Montero et al (21) identified a significant correlation between high PREX1 expression and poor patient outcome in breast cancer; knockdown of PREX1 expression suppressed breast cancer cell migration and invasion, and tumorigenic potential in vivo.
It has previously been reported that loss of PTEN function frequently occurs in human cancer; therefore, the binding partners of PTEN may also be involved in tumorigenesis via modulation of PTEN activity (10) . Similar to PREX1, PREX2a has been demonstrated to act as an oncogene in human cancer via regulation of biological processes, including cell proliferation, cell cycle progression, migration and invasion (14, 15, 22) . Whole-genome sequencing identified PREX2 as a significantly mutated gene in melanoma (16) . In addition, overexpression of PREX has been shown to be associated with poor patient outcome in breast cancer (23) . PREX2a has also been identified as a direct target of microRNA (miR)-338-3p, and knockdown of PREX2a inhibited cell proliferation and clonogenicity, and induced a G 1 /S arrest and apoptosis in gastric cancer cells, potentially via mediation of PTEN-PI3K signaling (14) . Chen et al (15) also reported similar findings in neuroblastoma; knockdown of PREX2a inhibited neuroblastoma cell proliferation, migration and invasion via the PTEN-PI3K pathway. Furthermore, PREX2a was identified as a target gene of miR-338-3p, and overexpression of PREX2a reversed the inhibitory effects on the proliferation and invasion of neuroblastoma cells (15) .
In the present study, PREX2a was shown to be significantly upregulated in OS cell lines, as compared with in a normal osteoblast cell line. In addition, silencing PREX2a expression suppressed OS cell proliferation, migration and invasion. MMP2 and MMP9 have been suggested to participate in the metastasis of OS (24) , and the expression and activity of MMP2 and MMP9 are tightly associated with OS cell migration and invasion (25) (26) (27) . The present study demonstrated that suppression of PREX2a notably inhibited the invasion and migration of OS cells, at least partly via suppressing the protein expression of MMP2 and MMP9.
In conclusion, the present study indicated that PREX2a had an oncogenic role in the regulation of proliferation, invasion and migration of OS cells via mediation of PI3K signaling.
